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We report on measurements of the dynamics of the collective spin length (total magnetization) and
spin populations in an almost unit filled lattice system comprising about 104 spin S = 3 chromium
atoms, under the effect of dipolar interactions. The observed spin population dynamics is unaffected
by the use of a spin echo, and fully consistent with numerical simulations of the S = 3 XXZ spin
model. On the contrary, the observed spin length decays slower than in simulations, and surprisingly
reaches a small but nonzero asymptotic value within the longest timescale. Our findings show that
spin coherences are sensitive probes to systematic effects affecting quantum many-body behavior
that cannot be diagnosed by merely measuring spin populations.
Synthetic atom-based materials are emerging as unique
quantum laboratories for the exploration of collective be-
haviors in interacting many-body systems[1]. In partic-
ular both electric and magnetic dipolar gases featuring
long range spin-spin interactions are opening great op-
portunities for the exploration of quantum magnetism in
regimes inaccessible to gases interacting via purely con-
tact interactions [2].
While electric dipolar interactions are fundamen-
tally stronger and have led to important breakthroughs
as demonstrated by recent experiments using KRb
molecules in 3D lattices [3] and Rydberg atoms in bulk
gases [4] as well as in optical tweezers arrays [5–10], mag-
netic quantum dipoles offer complementary unique op-
portunities for quantum simulations. For example, they
provide the possibility to trap low entropy and dense
macroscopic arrays of S > 1/2 atoms in close to unit filled
3D optical lattice potentials where truly collective many-
body behavior manifests itself. Under these conditions
it is possible to study spin models with large spins [11–
13] which cost exponentially more resources to classically
simulate [14] than conventional S = 1/2 models of mag-
netism. These capabilities have started to be explored in
experiments working both with bosonic chromium and
fermionic erbium atoms in 3D lattices [12, 13, 15–17],
which have observed already signatures of rich many-
body dynamics including quantum thermalization and
the buildup of many-body correlations. However, so far
all the information has only been extracted from mea-
surements of spin populations without direct access to
quantum coherences, which contain key signatures of the
underlying quantum dynamics [3, 4].
Here we make a step forward and report time-resolved
measurements of the spin coherence and also populations
of a many-body strongly interacting spin S = 3 dipolar
gas of 52Cr atoms in a deep 3D lattice. The spin coher-
ence is extracted by measurements of the collective trans-
verse magnetization of the gas, J⊥, via Ramsey spec-
troscopy. Since the longitudinal magnetization remains
zero at all times, the measurement of the transverse mag-
netization can also be seen as a measurement of the total
magnetization (or the collective spin length) of the en-
semble. The system is initially prepared in a far-from-
equilibrium spin coherent state with maximal transverse
magnetization J⊥ = SN , which is let to evolve due to
magnetic dipolar couplings. Our experimental protocol
includes a spin-echo pulse at the middle of the dynamics
to reduce the effect of magnetic field inhomogeneities on
the transverse magnetization dynamics.
In agreement with previous results [15–17], we find
that the spin population dynamics is well captured by
a semiclassical method, referred to as the generalized
discrete truncated Wigner approximation (GDTWA),
based on a discrete Monte Carlo sampling in phase space
[18, 19]. In addition, we find that spin dynamics is barely
affected by the spin echo. However, we observe that the
observed transverse magnetization not only decays at a
slower rate than the one expected from a pure spin XXZ
model but also saturates at a non-zero value, behavior
that is inconsistent with numerical expectations. We at-
tribute the difference to effects not included in the pure
spin model such as tunneling induced by lattice heat-
ing. We provide toy model simulations that support this
claim. Our observations highlight the relevance of quan-
tum coherence to characterize many-body phenomena.
Our experimental platform differs from previous stud-
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FIG. 1. (a) The experimental system consists of a 3D array of dipolar
Cr atoms, with a spatially varying magnetic field B(r). (b) Experimen-
tal RF sequence: Cr atoms are initialized in the ms = −3 spin state
and rotated by the first pi/2 pulse to align with the x direction; the 2nd
pi/2 pulse is used to measure the spin length. Due to magnetic noise
the collective spin length makes an angle φ with respect to Ox when
this second pulse is imparted. We impart or not an echo pulse using an
additional pi pulse at half the evolution time t/2. (c) Time-evolution
of the fractional populations pms of 4 ms spin components, with and
without spin echo (full circles and empty triangles respectively). Each
data point corresponds to the average of 10 realizations. Error bars
correspond to statistical uncertainties. The solid (dashed) lines show
the numerical results obtained with GDTWA for spin dynamics with
(without) spin echo, for a lattice with unit filling and BQ/h = −4 Hz.
From bottom to top: ms = −3 (black),ms = −2 (green), ms = −1 (or-
ange), ms = 0 (blue). The colored bands in the GDTWA calculations
account for a 5% experimental error in the first pulse area.
ies on the transverse magnetization of ensembles of dipo-
lar particles [3, 4] in that it consists of a high density
ordered array of S=3 spin particles. It is obtained by
loading a 52Cr BEC in a 3D optical lattice deep into the
Mott regime. We obtain typically NS = 10
4 atoms close
to unit filling (see [15] for details). Initially the sample
is prepared in a spin coherent state, with all spins in the
maximally stretched state mS = −3 and aligned with the
external magnetic field B. Spin dynamics is triggered by
aligning all spins at t = 0 along a direction orthogonal to
B, by the use of a resonant RF pulse (See Fig. 1). We
measure the dynamical evolution of the seven spin popu-
lationsNmS in the basis set by the external magnetic field
through Stern-Gerlach separation. We also probe the
collective spin length (total magnetization) J =
∑NS
i=1 Si
which has a norm ||J|| =
√
〈Jx〉2 + 〈Jy〉2 + 〈Jz〉2 rang-
ing from 0 to 3NS . The maximal value is reached for the
maximally polarized state, e.g. the initial spin state. In
the following we will use normalized quantities: j = J/NS
and ` = ||j||.
To measure ` we use a Ramsey protocol, in which a
second pi/2 rotation is imparted just before population
measurements (See Fig. 1). In the rotating frame (turn-
ing around z at the RF frequency), RF pulses ensure
rotation of the spins around an axis called y. After the
first pi/2 pulse, jt=0 ∝ xˆ. During the spin dynamics, fluc-
tuations of the external magnetic field make j rotate in
the xy plane. We denote φ(t) the angle between j and
xˆ and use it to define a new basis XY z where j ‖ Xˆ i.e.
` =< jˆX >. Since the second pi/2 pulse again rotates
spins around y, the normalized magnetization measured
by the Stern and Gerlach protocol, denoted as Mz, cor-
responds to a measurement of jˆx = cos (φ) jˆX−sin (φ) jˆY
after a Ramsey sequence. Since φ(t) is different trial to
trial, this random phase generates a net dephasing which
is useful to extract the net spin length.
If one can neglect tunneling, the prepared ensemble of
NS coupled spins, which are pinned at the individual sites
of a 3D lattice, evolve under a pure spin model. In the
presence of an external magnetic B field strong enough to
generate Zeeman splittings larger than nearest-neighbor
dipolar interactions, the dynamics is described by the
following XXZ spin model [12]:
Hˆdd =
NS∑
i>j
Vij
[
Sˆzi Sˆ
z
j −
1
2
(
Sˆxi Sˆ
x
j + Sˆ
y
i Sˆ
y
j
)]
(1)
Vi,j =
µ0(gµB)
2
4pi
(
1−3 cos2 θi,j
r3i,j
)
, with µ0 the magnetic per-
meability of vacuum, g ' 2 the Lande´ factor, and µB
the Bohr magneton. The sum runs over all pairs of
particles (i,j). ri,j is the distance between atoms, θi,j
the angle between their inter-atomic axis and the exter-
nal magnetic field assumed to be along the z axis, and
Sˆi = {Sˆxi , Sˆyi , Sˆzi } are spin-3 angular momentum oper-
ators, associated with atom i [20]. For an ensemble of
dipolar spins, the normalized spin length ` decreases as
a result of interactions, which at short time follows the
form:
`(t) = 3− 81t
2V 2eff
16h¯2
, (2)
where Veff/h =
√
1/NS ×
∑NS
i 6=j V
2
ij/h ' 6 Hz for a unit-
filled lattice in our experiment. This leads to a typi-
cal timescale τdd ' 20 ms for ` to reach 0. This is a
pure quantum effect since a mean-field ansatz predicts
no decay [15, 21, 22]. We note that similar dipolar in-
duced magnetization decay and evidence of the build up
of multiple-spin coherences has been reported in NMR
systems where nevertheless the system starts in a highly
mixed state [23].
In addition to Hˆdd, atoms experience a tensor light
shift HˆQ =
∑
iBQ(Sˆ
z
i )
2. For a non interacting gas this
leads to a periodic evolution of `, with a time scale τq =
h
4|BQ| ≈ 50 ms to reach zero for typical |BQ|/h ≈ 5 Hz
in our experiment. This one-body term has to be taken
into account in simulations. At short time, it leads to a
replacement of Veff → Veff
√
1 + 40B2Q/27V
2
eff in Eq. 2,
thus making the decay of ` even faster.
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FIG. 2. Measurement of the distribution of the normalized magneti-
zationMz following a Ramsey sequence. Each time corresponds to 60 to
100 realizations. Top: Absolute values of Mz are plotted for different
spin dynamics durations; blue triangles and green circles correspond
to experiments without and with spin echo respectively. Inset: The
parameter η (see text) is evaluated from the corresponding Mz distri-
butions. The horizontal lines show the expected value for respectively
the PD of a classical spin (dashed, red), and the Gaussian PD (dot-
ted, purple). Bottom: Histograms of the Mz distributions are shown
together with the PD used to fit them (solid line); see text.
Furthermore, magnetic field inhomogeneities de-
scribed by gradients for the Larmor frequency, ωL,i =
gµB/h¯
(
B0 +~b.~ri
)
, lead to another term in the Hamil-
tonian, HˆB =
∑
i h¯ωL,i(Sˆ
z
i ), which generates dephasing
and leads to a damping of `. The damping timescale is
τb =
h
2gµBbR
' 3 ms with R ' 5 µm the typical size
of the sample, which is shorter than τdd. In order to
compensate for this dephasing, we implement a spin-echo
technique, in which spins are rotated by pi in the middle
of the dynamics (see Fig. 1).
One question that naturally arises is whether the spin
echo changes as well the evolution of the populations
pmS of the different spin components. As shown in
Fig. 1, the observed spin dynamics is roughly identi-
cal with and without the echo, which is confirmed by
GDTWA numerical simulations using the experimen-
tal gradient of (10.5±1) Gauss.m−1. This behavior
is consistent with a short time perturbative analysis,
which predicts that magnetic field gradients only en-
ter at quartic order in the population dynamics, i.e.
pmS (t)− pmS (0) ∝ t
4
NS
[15
∑NS
i=1(
∑NS
j 6=i Vij(ωLi−ωLj))2−
27
∑NS
i,j 6=i(ωLi − ωLj)2V 2ij ] while dipolar effects enter at
second order ∝ t2V 2eff [20].
Our raw experimental results for the measurement of
the spin length are shown in Fig. 2 (top). Without a spin
`
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`
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FIG. 3. Values of the spin length ` derived by fitting the distri-
butions of the magnetization Mz after the Ramsey sequence. Error
bars represent the 68 % confidence interval, and are detailed in [20].
Filled circles and empty triangles are measurements with and with-
out the spin echo pulse, respectively. The black dashed line shows
the numerical results with the spin echo pulse applied, obtained with
GDTWA for the same lattice configuration as in Fig. 1. The blue
dashed line shows the dynamics without the spin echo, obtained from
the gaussian TWA simulations [20]. The blue solid line corresponds to
GDTWA simulations effectively accounting for atomic motion in the
lattice, with BQ/h = −2Hz. Inset: difference between the two ex-
perimental determinations of `, comparing the results of the fit of the
experimental probability distributions to Eq. (5). Error bars corre-
spond to the quadratic average of the standard deviations associated
with either methods.
echo, a fast damping of the magnetization is observed, in
a timescale consistent with τb. There is here a striking
difference with our previous measurements in a bulk BEC
[22], where a gap due to spin-dependent interactions pre-
vents the reduction of magnetization. When a spin echo
is applied, the raw data show that ` decays with a sig-
nificantly longer timescale, compatible with τdd. Note
nevertheless that given that Hˆdd does not commute with
HˆB the utility of a spin-echo to protect the decay of `, is
parameter and geometry dependent [24].
To obtain a quantitative estimate of ` as a function of
time, we have investigated the probability distributions
(PD) associated with the data. Figure 2 shows that a
mostly Gaussian PD is obtained for experiments without
echo. On the contrary, data with spin-echo only show a
Gaussian-like shape at long times. At short time PDs of
a totally different kind are obtained, with a maximum
of the probability for large values of |Mz|. To account
for this observation, we introduce the probability distri-
bution of a classical spin (CS) of norm `. Such PD is
obtained by differentiating the projection Mz = ` cos(φ),
thus obtaining the number dN of realization of Mz:
dN
dMz CS
=
1
pil
1√
1− M2zl2
(3)
In order to characterize the observed PDs, we evalu-
ate from the data the square-root of the kurtosis η =√
M4
M2
with Mn =
∫
PD(x)xndx: η =
√
3
2 for the PD
of eq.(3), and η =
√
3 for a Gaussian PD, dNdMz G =
1√
piσ
exp
(
−M2zσ2
)
. The experimental values of η are shown
4in Fig. 2 . Data without echo show a good agreement
with a Gaussian PD. For data with a spin-echo, the value
of η is in good agreement with the classical value for
tf ' 5 − 30 ms, and it gradually approaches a gaussian
value for t > 60 ms. This first qualitative analysis shows
trends for the measured PDs. In order to get numer-
ical values of ` we have used a convolution of the two
PDs described above to fit the data, as shown in Fig. 2;
this method assumes that a total dephasing has occurred,
which requires t ≥ 10 ms in our experiment (for t = 1, 5
ms we use another analysis, see [20]).
The corresponding results of ` for each time t are shown
in Fig. 3. As expected, without applying the echo pulse
` decays rapidly; the actual damping rate depends on the
system size and lattice geometry. On the other hand, the
measured data of ` after applying the echo pulse reveal
an exponential damping of the collective spin towards a
small but not zero value, `(t) ' (3− `0) exp(−t/τe) + `0,
with `0 = 0.15 and τe = 22 ms. This contrasts with the
glassy dynamics observed in e.g. [4].
In order to model the dynamics of ` in the absence of
the echo pulse, it is crucial to appropriately account for
the actual sample geometry in experiment and to capture
the effects of inhomogeneities. For this purpose, we im-
plement a gaussian TWA approach in our numerical cal-
culation (blue dashed line in Fig. 3) [20][25], which allows
for efficiently simulating systems with Ns ∼ 104, much
larger than the size previously investigated [15]. When
the echo pulse is applied, we first use GDTWA simula-
tions using the same parameters as those used in Fig. 1.
We explicitly insert a pi rotation around the y axis at half
of the evolution time [20]. While the GDTWA captures
the populations dynamics at all times (see Fig. 1), it is
only able to reproduce the spin length measurements at
t ≤ 10 ms (black dashed line in Fig. 3). Interestingly, the
spin length dynamically evolves for t > 30 ms whereas
the population dynamics and pure spin model numerical
simulations have then essentially reached a plateau. This
indicates that measuring the collective spin length con-
stitutes a more sensitive probe than simply monitoring
spin dynamics.
While tunneling in the lowest band (where atoms are
initially loaded) is too slow to explain the discrepancy
between the spin-length data and the GDTWA simula-
tions, one possibility could be that phase noise in the
lattice could promote particles to higher bands, where
tunneling is non-negligible. This type of heating pro-
cesses was for example also reported with KRb molecules
[26]. To model this possible scenario we performed nu-
merical simulations assuming frozen atoms but relaxing
the requirement to be pinned in the regular grid imposed
by the lattice potential while keeping the same average
density [20]. This emulates the idea that during a tun-
neling process on average an atom can be in between two
adjacent lattice sites. The calculated dynamics of spin
population resulting from this toy model is consistent
with the experimental measurements [20]. The result for
` is shown with a solid line in Fig. 3: the agreement with
the experimental data is much better than the one ob-
tained with GDTWA (black dashed line); however, our
toy model predicts a zero relaxation value of the spin
length within the experimental time range investigated,
in contrast with the experimental observations.
In order to confirm our measurements of `, we per-
formed a noise analysis of the components of the collec-
tive spin. Whether we apply the final pi/2 pulse (Ram-
sey experiment, labelled R) or not (experiment labelled
noR), we measure jˆx, or jˆz. Taking into account the
randomness of φ [27] and a technical noise on the mea-
surements, one obtains the following expressions for the
variance of Mz when averaging over many realizations:
Var(Mz)R =
`2
2
+
Var(ˆjX) + Var(ˆjY)
2
+ σ2exp ≡
〈
j2x
〉
exp
Var(Mz)noR =
3
2Ns
+ σ2exp ≡
〈
j2z
〉
exp
(4)
To derive Eq.(4) we add a technical noise (with an as-
sociated standard deviation σexp) to the theoretical ex-
pectations. Since our main source of technical noise cor-
responds to an insufficient signal to noise ratio in the ab-
sorption images, measurements of jˆz and jˆx are affected
by the same technical noise. Since
[
Hˆdd, Jˆz
]
= 0, the
theoretically expected
〈
jˆ2z
〉
remains equal to its value at
t = 0, i.e. to the standard quantum noise (SQN) 32Ns .
Therefore measurements of standard deviations with-
out Ramsey pulse (
√
〈j2z 〉exp) brings a benchmark of the
technical noise: our data show that we obtain about
3 times the SQN for t = 0, and that the ratio to
SQN increases as a function of time [20]. We there-
fore can consider that
〈
j2z
〉
exp
' σ2exp. The technical
noise can be compared with the values predicted by our
simulations for the quantum noise of jˆx [20]: we get
σ2exp,min > 4 × Var(ˆjX)+Var(ˆjY)2 max ' 32Ns . We therefore
assume that
〈
j2x
〉
exp
' `22 + σ2exp, so that:
〈
j2x
〉
exp
' `
2
2
+
〈
j2z
〉
exp
(5)
Therefore, a signature of a non-zero ` is that
〈
j2x
〉
exp
is larger than the technical noise. This provides a sim-
ple measurement of ` complementary to the method de-
scribed above, provided that a complete dephasing hap-
pens (for t ≥ 10 ms in our case). The two methods are
in good agreement, as shown in the inset of Fig. 3 .
In conclusion, our experiment demonstrates the re-
markably different effects of a spin echo on the dynamics
of a strongly interacting quantum system for spin popula-
tion and spin magnetization. Notably, our measurements
show that the decay of the transverse magnetization in
5our experiment is slower than expected, and approaches
a small but finite value at long times. This surprising ob-
servation indicates that our experiment cannot be fully
described by a spin model of frozen particles, a finding
that could not be previously deduced from the measure-
ments on population dynamics. This illustrates how mea-
surements of spin coherences provide valuable informa-
tion on quantum many-body systems that are crucial to
benchmarking experiments as quantum simulators. Our
work also paves a way towards further investigations us-
ing spin coherences to probe quantum many-body phe-
nomena in S > 1/2 dipolar systems.
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Extensive data: Standard deviations
We show in Fig 4 standard deviations normalized to
the standard quantum limit (SQL)
√
3
2N . The exper-
imental values (
〈
j2x
〉1/2
exp
normalized to SQL are plotted
for all times where total dephasing has occurred (see be-
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FIG. 4. Normalized standard deviations to the standard quantum
limit: experimental values for jx (open squares) and jz (open circles);
and standard deviation σG of the Gaussian derived from the convolu-
tion fit of the Mz histograms (full diamonds).
low). We plot as well our measured values of (
〈
j2z
〉1/2
exp
nor-
malized to SQL. During the data taking, we could mini-
mize the technical noise by optimizing the intensity of the
probe laser used for absorption imaging; this optimized
intensity was used for data at long times, t = 70, 90, 100
ms. For these three values of t we measured both jx and
jz; we measured as well jz for t = 0 ms, which corre-
sponds to our minimal noise value, but still larger than
SQL. We plot as well the normalized standard deviation
obtained by our convolution fit analysis (which is the
parameter σG below); the good agreement between this
standard deviation and the experimental one of jz shows
the consistency of our analysis. Data corresponding to
10 ≤ t ≤ 65 ms are affected by a larger technical noise,
hence the discontinuity appearing between t = 65 and
t = 70 ms.
Estimate of ` at short time and extended data
As explained in the main article, measurements of `
are based on two methods, which both require that a full
dephasing has occurred, i.e. that the angle φ between j
and xˆ (see main article) uniformly spans [−pi,+pi]. For
data at short time dephasing has not taken place yet,
which leads to non symmetric histograms (for t = 1 ms
and t = 5 ms).
We show in Fig 5 some additional histograms of the
Mz distributions not shown in the main article, with the
PD used to fit them when it is relevant: as explained
above for t = 1 ms and t = 5 ms non total dephasing
prevents to fit the data.
We explain here how we evaluate the value of ` for
these two short time values. We assume a classical spin,
with a random dephasing angle φ ranging in the interval
t = 3 ms
no Echo
t = 1 ms
t = 5 ms
t = 30 ms
t = 65 ms
t = 90 ms
FIG. 5. Additional histograms of the Mz distributions not shown in
the main article, with the PD used to fit them when they are relevant.
t (ms)
Df / 2p
FIG. 6. Estimate of the growth of the dephasing ∆φ with time in
the experiment. The full line is an exponential to guide the eye.
−∆φ2 < φ < ∆φ2 . Assuming a uniform distribution within
this interval, we generate ensembles of values of ` cos(φ)
with Nexp terms, where Nexp is the number of values
of Mz in the experimental data. We then look for the
value of ∆φ and ` which lead to the same mean value
and standard deviation as the ones of the experimental
data: this provides our estimate of the central value of
`, `c. To roughly estimate the error bars, we assume
2`c − Mzmax ≤ ` ≤ Mzmax, with Mzmax the maximal
experimental value of Mz: this very likely overestimates
the error bar, as for all values of t ≥ 10 ms the value of
Mzmax is beyond error bars on `. We obtain in addition
an estimate of the way the dephasing ∆φ grows in the
experiment (see Fig 6).
Error bars on `
We now describe the way error bars are evaluated for
data at t ≥ 10 ms, when full dephasing has occurred.
7As explained in the main text, we estimate ` from two
methods.
We start with the method using fit of the experimental
Probability Distributions (PDs). We search for the PD
which has the same second and fourth moments as the ex-
perimental data; these are denoted respectively byM2,exp
and M4,exp. This distribution results from a convolution
of a Gaussian (characterized by its standard deviation
σG) and a Classical Spin distribution (characterized by
the spin length `0). The central value of ` is given by
`0. We use 50 % sub-sampling of the experimental data
to estimate uncertainties on M2,exp and M4,exp. We then
vary the values of M2 and M4 in the intervals provided
by the sub-sampling analysis, and obtain from convo-
luted PDs our estimate of `min and `max, respectively
the minimal and maximal value of `. We assume that the
interval [`min; `max] defines the two-standard-deviations
confidence interval for `.
We also performed the following analysis to better as-
certain the non-zero value of ` at long times. For that
we generate numerically large number of samples with a
Gaussian statistics, with the same number of values of
Mz (noted Nexp), the same mean value and standard
deviation
√
M2 as the ones of the experimental sam-
ple. We then obtain a list of values of the parameter
η =
√
M4
M2
(see main text) with a mean value close to√
3, and a standard deviation σeta. It gives us an es-
timate of the probability that the experimental sample
is compatible with a pure Gaussian PD. For example
at t = 70 ms, we obtain ηexp = 1.45 for the experi-
mental Mz data, and σeta = 0.12 (Nexp = 106). Us-
ing this analysis, the probability that the experimen-
tal PD is compatible with a pure Gaussian is given by∫ −(√3−ηexp)/ση
−∞
1√
(pi)
exp(−x2)dx = 0.01. We find this
probability to be 0.27 for t = 90 ms, and 0.03 for t = 100
ms. Since a Gaussian distribution is necessarily obtained
for ` = 0 (assuming a negligible quantum noise), our
analysis can exclude ` = 0 with a very high confidence
for t = 70, 100 ms (while ` = 0 cannot be fully excluded
at 90 ms).
We now turn to the determination of ` by the sec-
ond method described in the article, see eq.(5). For
t = 70, 90, 100 ms we simply apply the formula with
measured values of
〈
j2x
〉
exp
and
〈
j2z
〉
exp
(see Fig 4). For
5 ≤ t ≤ 65, we take for 〈j2z〉exp the variance of the data
with no echo at t = 8 ms: the corresponding probability
distribution being very close to a Gaussian, we assume
that its variance corresponds to the technical noise. As
for error bars for this second method, uncertainties on〈
j2x
〉
exp
and
〈
j2z
〉
exp
are evaluated through sub-sampling,
which yields standard deviation on these quantities to be
about 5%.
Theoretical model
We describe the experimental system with the Hamil-
tonian
Hˆ =
∑
r
B(r)Sˆzr +BQ
∑
r
(Sˆzr )
2
+
V (r, r′)
2
∑
r 6=r′
[Sˆzr Sˆ
z
r′ −
1
2
(Sˆxr Sˆ
x
r′ + Sˆ
y
r Sˆ
y
r′)] (6)
where r denotes the coordinates of the lattice sites, and
Sˆx,y,zr are spin-3 angular momentum operators acting on
atoms located at r [28]. For atoms frozen at discrete lat-
tice sites, r = ixdxxˆ + iydy yˆ + izdz zˆ for the ith atom.
Here dx,y,z are lattice constants along the different direc-
tions. V (r, r′) denotes the dipolar interactions between
two atoms located at r and r′, and its explicit form is
given in the main text between arbitrary i and j atoms.
B(r) = b · r accounts for the inhomogeneous magnetic
fields in the experiment.
To obtain the spin dynamics accounting for actual
experimental conditions, we utilized the GDTWA ap-
proach introduced in Ref. [18] to numerically solve the
time evolution under Eq. (6). For the case where an
echo pulse is applied, we first numerically evolve the
system under Hˆ for t/2, then implement a pi rotation
around the y axis, and evolve the system under Hˆ for
another t/2 afterwards, to find the resulting dynamics
at time t. Namely, the whole time evolution operator is
Uˆecho(t, 0) = e−iHˆt/2h¯e−ipiSˆye−iHˆt/2h¯, with Sˆy =
∑
r Sˆ
y
r .
In Fig. 1 of the main text, we first simulated the popu-
lation dynamics of the different spin components pms(t)
for a unit-filled lattice with (Lx, Ly, Lz) number of sites
along (x, y, z) directions, using experimental values of
dx,y,z and b, for both the cases with and without a
spin echo pulse. Since dy ≈ 2dz ≈ 2dx, we used
(Lx, Ly, Lz) = (14, 7, 14) in our calculation. The re-
sulting dynamics shows a convergence for such system
sizes. Since BQ is not exactly known in experiment, it
was chosen as a fitting parameter bounded by experimen-
tal estimation of |BQ|/h ≤ 6Hz. It was held fixed when
comparing the echo and no echo cases. We find a good
agreement between the numerics and experimental data,
with small differences between the two cases.
As mentioned in the main text, a useful way to under-
stand this behavior is to examine the short-time quantum
dynamics. Utilizing the series expansion of the evolution
operator Uˆ = e−iHˆt = ∑k (−i)ktkk! Hˆk, we can express
pms(t) in different powers of t. We find that even without
the echo pulse, the leading contribution to the population
change δ(pms) = pms(t)−pms(0) comes from interactions.
To provide an explicit description of the dynamics, here
we focus on the change for ms = 0, for which the leading
contribution is [29]
δ(p0) ∝ − 135t2128 V 2eff (7)
8and is not affected by the inhomogeneity b. The effect
of b shows up in the dynamics at later time as
δ(p0) = Γ
5t4
256N
(8)
with Γ = 15
∑
r[
∑
r′ 6=r V (r, r
′)(b · (r − r′)]2 −
27
∑
r,r′ 6=r(b · (r− r′))2V (r, r′)2. Similar effects also ap-
ply to other ms states and we refer the interested readers
to Ref. [15] for relevant details. In contrast, the dynam-
ics of ` is much more sensitive to the echo pulse and the
lattice configuration.
When a spin echo pulse is absent, the dynamics of `
is dominated by single-particle processes and depends on
the lattice configuration and atomic density distribution.
For a lattice fully filled with atoms frozen at discrete
lattice sites, it can be described as:
`(t)
24
=
cos5(BQt/h¯)
γxγyγzt3
| sin(γxt
2
) sin(
γyt
2
) sin(
γzt
2
)| (9)
where γx,y,z = bx,y,zLx,y,z/h¯. It is straightforward to
estimate from Eq. (9) that under typical experimental
conditions, ` already decays significantly within 5ms. In
comparison, when a spin echo pulse is applied, up to
second order in time we find
`(t) = 3− 3t
2
16h¯2
(40B2Q + 27V
2
eff) +O(t
3) (10)
which shows that the effect of b is removed as a result of
the echo pulse at second order in t. In this case the decay
of ` mainly comes from dipolar interactions and happens
at a rate much slower than the one without echo. It
is worth to note that while for Ising interactions, such
as those between dressed Rydberg atoms [30], spin echo
technique can completely cancel the effect of inhomog-
neous field b, for dipolar interactions, there is a small
residual effect due to the noncommutativity between dif-
ferent terms in Eq. (6), which can show up at longer
times.
Since as indicated by Eq. (9) the dynamics of ` with-
out a spin echo strongly depends on the lattice size, in
the numerical calculation, we use a large lattice that is
closer to real experimental conditions, where atoms pop-
ulate a shell of outer radius rout ≈ 23d and inner radius
rin ≈ 18d, with d = 266nm the smallest lattice spac-
ing [15]. At unit-filling, this volume includes N ≈ 104
atoms, which is much larger than the system size inves-
tigated before [15]. Although the quantum many-body
dynamics for such a large system can still be simulated
with our GDTWA approach, we find an alternative ap-
proach can significantly reduce the computational cost
while capturing the collective spin dynamics in this case.
In the alternative approach, we use a Gaussian sampling
of three spin-variables
∑
r〈Sˆx,y,zr 〉 which neglects intra-
spin correlations as described in Ref. [18]. While this
approach does not correctly account for the effect of BQ,
for this case without the echo pulse the effect of BQ is
much weaker compared to the effect of inhomogeneities,
and the time evolution of ` can nevertheless be well cap-
tured. The result is plotted in Fig. 3 by the blue dashed
line, which agrees well with experimental data. We note
that throughout this work, the gaussian TWA approach
is only used for solving the time evolution of ` in the
absence of an echo pulse, while all other simulations are
performed with GDTWA.
For the case with an echo pulse applied, the spin dy-
namics is insensitive to the magnetic field gradients and
thus does not strongly depend on the lattice size when the
filling is unity. However, the theoretically calculated dy-
namics only captures the short-time dynamics well while
shows significantly faster decay than experimental mea-
surement at longer times [Fig. 3 black dashed line], where
heating and tunneling effects becomes important. Al-
though there is not an efficient way to exactly solve the
quantum dynamics fully accounting for these effects and
for sufficiently large system size, we investigate the spin
dynamics including these effects in a phenomenological
way. Instead of using a spin model where all atoms
are frozen at discrete lattice sites, we allow a continu-
ous random uniform distribution of r in a lattice of size
(Lx, Ly, Lz), while keeping atoms at least rcutoff = 0.5d
away from each other [see Fig. 7 caption]. Both the
evolution of spin population [Fig7(a)] and ` [solid line in
Fig. 3] obtained with this model capture well the exper-
imental observations.
The spin dynamics can slow down due to non-unit fill-
ing of the lattice, which also introduces disorder in the
spin couplings, as was the case in Ref. [3]. In our exper-
iment numerical simulations performed at lower filling
fractions with frozen particles indicate lower filling is not
the cause of the observed slower contrast dynamics in the
experiment. To further illustrate this, in Fig. 8 we calcu-
late the spin dynamics for a partially filled lattice, with
atoms frozen at discrete sites. While the spin population
evolves in a similar way as in Fig. 7 and still describes ex-
perimental data, the calculated `(t) significantly deviates
from the experimental dynamics.
In Fig. 9, we plot the numerically calculated probabil-
ity distribution of the normalized magnetization for the
toy model that accounts for heating and tunneling by al-
lowing particles to be at continuous locations within the
array. Our theoretical model also well describe the mea-
sured probability distributions (see FiG. 2 main text).
To further provide information on the quantum noise
generated by strong interactions during the time evolu-
tion, in Fig. 10, we use GDTWA to calculate the variance
of collective spin projections, Var(ˆjX) for a unit-filled lat-
tice, as used for Fig. 1(c).
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FIG. 7. (a) Dynamics of spin population calculated with GDTWA (lines) using the same model and parameters as for the blue
solid line in Fig. 3. Different colors represent dynamics for different spin components: ms = −3, ms = −2, ms = −1, ms = 0
from bottom to top. Color bands account for imperfection in the first pulse as in Fig. 1. (b) Distribution of inter-particle
spacing in the GDTWA simulation, in the units of d. The leftmost bin (indicated by the red arrow) shows the fraction of
atoms with distance closer than rcutoff , which is very small. Practically, in the GDTWA simulation all distances smaller than
rcutoff are set to be equal to rcutoff . This is partially motivated by the intuition that the contact interaction between Cr atoms
under the experimental condition is very strong (∼kHz [16]) and thus prevents two atoms from being very close. Besides, since
this fraction is tiny, except for small differences on the short-time scale (∼ h¯/18V0 ∼ 5ms, where V0 = µ0(gµB)
2
4pid3
), the overall
dynamics should remain similar for different choices of rcutoff ≤ d. The atom number used in the simulation is N = 200, which
gives an overall density of N/(LxLyLz) ≈ 0.6.
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FIG. 8. Dynamics of spin population (a) and spin length (b) calculated with GDTWA (lines) for a regular lattice similar to
the one in Fig. 1 (c) but with nonunity filling. To compare with the model accounting for atomic motion, the filling fraction is
chosen to be 60%, close to the density used in Fig. 7. Lines in (a) plot dynamics for ms = −3, ms = −2, ms = −1, ms = 0
from bottom to top. Color bands account for imperfection in the first pulse as in Fig. 1. A value BQ/h = −3Hz is used for
best describing the experimental spin dynamics pms .
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FIG. 9. Probability distributions of the normalized magne-
tization for the cases without (blue) and with (green) an echo
pulse, obtained with the model and parameters used in Fig. 3
for the blue dashed and solid lines, respectively.
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FIG. 10. Variance of collective spin projections, Var(ˆjX)
(blue solid line), Var(ˆjY) (brown solid line), and Var(ˆjz) (green
solid line), each multiplied by Ns. The results are obtained
from GDTWA simulations for a unit-filled lattice with the
same geometry as for Fig. 1(c), and with BQ/h = −5Hz.
The empty circles show the standard quantum noise 3/2 for
S = 3 atoms.
